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AVIAN  
AUDITORY 
BRAINSTEM
Characterization of Glycine Receptor  
Expression in the
The ability of an animal 
to locate a sound in space 
requires complex neural 
computation. In this study, 
we investigated the role of the 
inhibitory neurotransmitter 
glycine in the sound 
localization circuitry of avians. 
Glycine receptor expression 
was examined at different 
pre- and post-hatch ages in 
the main nuclei of this circuit. 
Our preliminary data indicate 
that there is a decrease in 
glycine receptor expression in 
the auditory nuclei NM and 
NL during avian development, 
which is opposite to the 
developmental shift observed 
in mammals. 
by Gina Notaro 
for the lab of R. Michael Burger
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Introduction
A nimals, including humans, possess elegant auditory circuitry that endows them with the capability of locat-ing sound sources in space. 
Sound inputs are conveyed to auditory 
nuclei within the brainstem and are pro-
cessed via both excitatory and inhibitory 
signals. Inhibition in the auditory circuit 
allows for improved computation of the 
sound input and plays an important role 
in all species studied to date. The two most 
commonly studied auditory circuits in-
clude the mammalian and avian systems. 
Despite numerous studies on the avian au-
ditory system, many questions still remain 
regarding how this circuit is modulated by 
inhibition. Previous experiments in mam-
mals have determined that both GABAer-
gic and glycinergic signaling are sources 
of auditory inhibition,1 but only recently 
has glycine been studied within the avian 
auditory circuit.2 Therefore, we sought to 
characterize the expression of this inhibi-
tory neurotransmitter within the avian 
brainstem circuit. We did so through 
glycine receptor detection at various ages 
in order to increase our knowledge of the 
avian sound localization circuit through 
development. From our tissue, we deter-
mined that there is a potential decrease in 
glycine receptor expression in two of the 
auditory nuclei as the chick matures. 
 Sound input is initially transduced by 
the hair cells, or mechanoreceptors, of the 
ear. This input is then conveyed to the au-
ditory nuclei in the brainstem via the audi-
tory nerve (nVIII). The difference in the 
arrival time of the input between each ear 
is one feature an organism uses to localize 
sounds. These binaural acoustic cues are 
referred to as interaural time differences 
(ITDs) and are modulated by inhibitory 
signaling. An animal is able to process 
ITDs through a series of coincidence de-
tecting neurons, as represented by the Jef-
fress model (Figures 1a & 1b). Each bipolar 
neuron in the array receives input axons 
of different lengths originating from both 
ears, known as delay lines. An individual 
neuron is activated only when it receives 
simultaneous converging input from each 
ear. The convergence onto a single neuron 
thus encodes the time difference in order 
to determine from which side of the head 
the sound originates, as each cell is tuned 
to a spatially-restricted receptive field.3 The 
sharpening of ITDs through inhibition 
allows for more accurate localization of a 
larger range of stimuli.4
 In order to draw generalizations about 
the auditory circuit, the systems of dif-
ferent species need to be considered. Our 
current work is concerned with inhibition 
within the avian system, but understand-
ing how this function is performed analo-
gously in other species yields insight into 
what features may be conserved in the 
system. In mammals, the medial superior 
olive (MSO) of the brainstem contains the 
coincidence-detecting neurons used in 
sound localization. Contralaterally-evoked 
inhibitory input onto the coincidence-
detecting neurons of the MSO arises 
from projections of the ipsilateral medial 
nucleus of the trapezoid body (MNTB). 
The MNTB receives input from the antero-
ventral cochlear nucleus (AVCN), which 
project onto the contralateral MSO. The 
ipsilaterally-evoked inhibitory input on 
the MSO arises from the lateral nucleus 
of the trapezoid body (LNTB). These two 
inhibitory projections into the MSO by the 
AVCN and LNTB are glycinergic.5
 More recent studies have uncovered a 
shift in the inhibitory neurotransmitter 
input onto the MSO throughout develop-
ment. During the early post-natal period, 
mixed GABAergic and glycinergic signal-
ing is present.6 A shift in balance of these 
neurotransmitters occurs throughout de-
velopment, resulting in the predominance 
of quicker glycinergic signaling by adult-
hood.7 This developmental shift has only 
been shown in the mammalian system, 
but may also be present analogously in the 
auditory nuclei of birds. Conversely, we 
found in this study that the shift present 
in chicks is the reverse of the mammalian 
system for at least two nuclei, showing a 
decrease in glycine receptor expression 
over time. 
 The avian auditory circuit conveys 
sound information through different nu-
clei than in the mammal, although some 
features of the system are conserved. This 
brainstem circuit consists of four bilateral-
ly represented, interconnected nuclei: nu-
cleus magnocellularis (NM), nucleus an-
gularis (NA), nucleus laminaris (NL), and 
the superior olivary nucleus (SON) (Figure 
2). Once nVIII enters the avian brainstem, 
it bifurcates onto NM and NA. NM pre-
serves the incoming sound information 
through a specialized synaptic connection 
before it reaches the coincidence-detecting 
neurons of NL. NM projects ipsilater-
ally to NL, which receives input axons 
of equal lengths. The axons of NM also 
Our current work is concerned with 
inhibition within the avian system, but 
understanding how this function is 
performed analogously in other species 
yields insight into what features may be 
conserved in the system. 
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provide the gradient of delay lines into the 
contralateral NL for detection of ITDs, as 
depicted by the Jeffress model (Figures 1 
& 2).8 Analogy to the mammalian system 
is present in the avian NL, which contains 
the coincidence-detecting neurons similar 
to the MSO of the mammalian circuit. 
Additionally, the AVCN shares common 
functionality with nucleus magnocellu-
laris (NM) of the avian auditory circuit. As 
there are commonalities between the two 
circuits, other features, such as inhibitory 
neurotransmitters, may also be conserved 
between the circuits of mammals and 
chicks. 
 In all systems studied to date, integra-
tion of excitatory and inhibitory signaling 
are required for proper functioning of the 
auditory circuit. The avian SON provides 
the primary inhibitory inputs into the ipsi-
lateral NA, NL, and NM. NL receives in-
hibition from both NM and the ipsilateral 
SON.9 The SON receives excitatory input 
from NA and NL, but receives inhibitory 
input from the contralateral SON.10 Previ-
ous studies have determined that the pri-
mary signal for inhibition is GABAergic.11 
However, glycinergic signaling has not 
been thoroughly studied in the avian audi-
tory system as it has for the mammalian 
circuit. Therefore, it is possible that glycine 
is also responsible for the observed inhibi-
tion. 
 Recent experiments indicate the pres-
ence of glycinergic signaling within the 
avian auditory circuit. The first study on 
glycinergic signaling determined that 
glycine terminal expression in the chick 
is developmentally dependent.12 Glycine 
was detected within the auditory nuclei 
of both embryonic and post-hatch chicks 
using glycine terminal immunoreactiv-
ity. These terminals were most abundant 
in the embryonic tissue, while post-hatch 
chicks lost some of this signaling.13 Only 
a small number of glycine terminals were 
found synapsing onto the cell bodies of the 
NM and rarely onto NL and NA. The gly-
cine terminals present in NL were located 
on the cell bodies of the neurons but not 
found on the dendrites of the NL neurons. 
GABA terminal labeling seemed to show 
a contrasting pattern to that of glycine, as 
many GABAergic terminals were present 
on NM, NL and NA.14 Glycine terminals 
were only present on the cell bodies and 
not the dendrites of the auditory nuclei, 
while GABA terminals were found on both 
of these structures.15
 A more recent study suggests that 
glycine acts in NA as quick inhibition in 
addition to inhibition by GABA, though 
the source of the glycinergic inputs is un-
known.16 Recent experiments in our lab 
have supported the finding that glycinergic 
signaling is present in the avian auditory 
circuit.17 SON cell responses were found 
to be modified by both GABAergic and 
glycinergic inputs. Additionally, GABA 
and glycine were found to be co-released 
within these neurons. Using the glycine 
receptor antagonist strychnine, inhibition 
within the SON was decreased similar to 
seen when restricting GABAergic signal-
ing.18 Since little is known regarding the 
function of glycinergic inputs in the avian 
auditory system, further experiments are 
needed to characterize this novel finding.  
We will attempt to address this question 
by targeting the glycine receptor on the 
cells of the auditory circuit. 
Figure 1. The Jeffress model. The location of the sound input (a) determines which neuron in the 
coincidence detecting array is activated (b). The activation of a neuron is dependent on the signal 
reaching the body of the neuron from each ear’s delay line simultaneously (Jeffress 1949, Burger et 
al., 2008).
Figure 2. Neural circuitry of the avian auditory 
system, located within the brainstem. nVIII 
innervates the ipsilateral nucleus magnocellu-
laris (NM) and nucleus angularis (NA), which 
are interconnected to the other nuclei (see text 
for details), nucleus laminaris (NL) and the 
superior olivary nucleus (SON) (Jeffress 1949, 
Burger et al., 2008).
48     the lehigh review
Figure 3. A 25μm cross-section of the avian 
auditory brainstem for an E12 chick is shown 
in panel i (4x). Magnified images of chroma-
gen-stained glycine receptors in the SON (ii), 
NM (iii), and NL (iv) are also displayed.  
Individual cells were hard to distinguish be-
tween at the young age (20x; 25μm section  
using cryostat). 
 To identify the expression pattern of 
glycinergic signaling in the avian auditory 
system, we will use immunohistochem-
istry to detect the glycine receptor. The 
glycine receptor is an ionotropic, ligand-
gated chloride channel and is composed of 
five subunits- α1-α4 and one β-subunit.19 
Detection of the glycine receptor will show 
us which cells receive glycinergic input 
within the nuclei. In future experiments, 
we will attempt to unveil the source of the 
glycinergic input, as it is unclear where 
this inhibition arises from. Removal of the 
cochlea did not affect the glycine terminals 
onto NM, suggesting that it does not pro-
vide this input.20 
 Detection of these glycine receptors 
and the source of glycinergic input within 
the auditory nuclei will allow for a greater 
understanding of the role of inhibition 
within the chick avian system. Further 
characterization of glycine receptor dis-
tribution within these nuclei at varying 
ages will show us whether a developmental 
downshift actually occurs in the signaling 
system used in sound localization, as our 
preliminary data show. Comparison of the 
auditory system between birds and mam-
mals will also allow us to determine the 
functionality of glycinergic signaling and 
its importance within the auditory circuit.
Methods
Animals and Tissue Extraction
All protocols for animal use have been 
approved by the Lehigh University Institu-
tional Animal Care and Use Committee. 
White Leghorn chickens of ages spanning 
embryonic day twelve (E12) to post-hatch 
day eight (p8) were used in our study. The 
fertilized eggs for both embryonic and 
post-hatch chicks were obtained from 
Moyer’s Chicks (Quakertown, PA). Phos-
phate buffer saline (PBS, pH 7.3) and 4% 
paraformaldehyde (4% PFA) in PBS was 
prepared and used during perfusion to fix 
the tissue. 
Embryonic tissue was collected from these 
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Figure 4. Fainter staining is seen in NL and 
NM of E16 tissue in panel I compared to the 
E12 tissue (4x, SON not present). Magnification 
of NL (ii) and NM (iii) in the E16 chick shows 
more definably stained individual cells than 
in the E12 tissue, despite lighter staining (20x; 
25μm section using cryostat).
eggs at the appropriate ages (E12, E16 & 
E19). The tissue was obtained through rap-
id decapitation, extraction of the brain and 
fixation in 4% PFA. The following day, the 
brains were transferred into a solution of 
30% sucrose in PBS. After the brains sunk 
to the bottom of the sucrose solution, they 
were flash-frozen in OCT compound using 
cold methanol (from freezer) and stored 
until sectioning at -80°C.
 The post-hatch tissue (p8) was obtained 
from perfusion of the chicks raised at Le-
high University’s central animal facility. 
Ketamine (Ketaset, Fort Dodge Animal, 
146 Health, Fort Dodge, IA) at 80 mg/kg 
and pentobarbital (Sigma-Aldrich, Saint 
Louis, MO) were used to anaesthetize the 
chickens prior to perfusions. Additional 
pentobarbital was administered if the 
chick did not fully lose consciousness fol-
lowing the first round of injections. Once 
the perfusion was performed, the dissected 
brain was then placed in 4% PFA over-
night. Both vibratome and cryosection-
ing methods could then be implemented. 
When using the vibratome (50μm), the 
tissue was rinsed the following day in PBS. 
For cryostat sectioning (25μm), the brains 
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were placed in 30% sucrose after fixation 
and flash frozen using cold methanol 
(chilled in freezer). The brains were stored 
until sectioning at -80°C.
Gel-Coated Slide Preparation
Gel-coated slides allow for better adhe-
sion of the tissue to the slide and thus were 
prepared for use. First, 600mL of distilled 
H2O was heated to 60°C. To the water, 3.0g 
of gelatin and 0.30g of chromium potas-
sium sulfate was added and dissolved. 
After mixing thoroughly, the solution was 
cooled to about 30°C, and frosted slides 
were dipped into the solution to coat them. 
The slides were allowed to dry for at least a 
day before use. 
Tissue Sectioning and 
Immunohistochemistry 
The frozen brains were sectioned into 
25μm slices using the cryostat on Chromi-
um-Gelatin coated slides. The brains fixed 
using 4% PFA were sectioned at 50μm 
using the vibratome. Each step below 
required 400-500ul of the prepared solu-
tion. The tissue sections were placed on 
the rotator for all the steps except the extra 
Detection of these glycine receptors and 
the source of glycinergic input within the 
auditory nuclei will allow for a greater 
understanding of the role of inhibition 
within the chick avian system. 
NM
NL
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in the secondary solution for two hours 
in the dark by covering with aluminum 
foil. After the incubation period, the tissue 
was rinsed three times, for ten minutes 
each in PBS. Next, the tissue was mounted 
on gel-coated slides and was dried before 
cover-slipping using Glycergel. The slides 
were dried and stored in the dark to avoid 
degradation of the fluorescence. 
II) Chromagen Labeling
The sectioned tissue was rinsed for five 
minutes, a total of three times, in PBS. 
After the rinse, the endogenous peroxi-
dases were quenched with a solution of 1% 
H2O2 and 10% methanol in PBS for thirty 
minutes on the rotator. The tissue was then 
rinsed in PBS for ten minutes, three times. 
An extra fixation step was implemented 
in 95:5 methanol/acetic acid at -20°C for 
ten minutes. The tissue was rinsed again 
for five minutes three times in PBS. After 
the rinses, three drops of blocking normal 
horse serum were added (VECTASTAIN 
ABC Mouse IgG Kit, Vector Laboratories) 
to every 10 mLs of PBS for an hour. The 
primary antibody solution (anti-glycine 
receptor) was prepared in 0.3% Triton-X 
in PBS, at 1:1000 for the 50μm slices and 
1:500 for the cryosectioned tissue. Control 
sections were prepared without the use of 
primary antibody. The antibody was in-
cubated with the sections overnight in the 
4°C fridge using humidifying chambers. 
The following day, the primary antibody 
was rinsed off for ten minutes in PBS, 
a total of three times. The biotinylated 
antibody was prepared by adding three 
drops of normal horse blocking serum 
(VECTASTAIN ABC Mouse IgG Kit, Vec-
tor Laboratories) and one drop biotinyl-
ated antibody stock (VECTASTAIN ABC 
Mouse IgG Kit, Vector Laboratories) to 
every 10 mLs of PBS. The tissue was then 
incubated in this solution for two hours. 
During the last thirty minutes of this step, 
the ABC reagent was prepared. The ABC 
reagent was made by adding two drops 
Figure 5. A 4x view of E19 auditory nuclei 
NL and NM (i). The E19 tissue shows the least 
prominent staining in NM (ii) and NL (iii) of 
the embryonic ages observed. The SON and 
NA were not viewable in any of our sections 
(20x; 25μm section using cryostat). 
fixation and the antibody steps. Two dif-
ferent staining methods are implemented 
because the fluorescent staining degrades 
more easily, while the chromagen staining 
is less sensitive to light and thus has a lon-
ger shelf-life. 
I) Fluorescent Labeling
The sectioned tissue was rinsed in PBS for 
five minutes, three cycles. An extra fixa-
tion stage was implemented in a solution 
of 95:5 methanol/acetic acid. The treated 
tissue was placed in the -20°C freezer for 
ten minutes. The primary glycine recep-
tor antibody (Mouse, Synaptic Systems, 
Gottingen, Germany, Lot #146011/13) was 
prepped in a solution of 5% normal goat 
serum (Invitrogen) and 0.3% Triton-X in 
PBS, at a concentration of 1:1000. Several 
sections were prepared in the same solu-
tion without the primary antibody as 
control tissue. The tissue was incubated 
in the primary antibody overnight in the 
refrigerator. 
 The following day, the tissue was rinsed 
three times for ten minutes each in PBS. 
The secondary antibody (goat anti-mouse 
IgG (H+C), 2mg/mL, Alexa Fluor 488; 
Invitrogen; Eugene, Oregon) was prepared 
at a 1:200 concentration in PBS, and was 
stored in the dark for thirty minutes be-
fore use. The tissue was then incubated 
i ii
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reagent A and two drops of reagent B to 
every 5 mLs of 0.3% PBS (VECTASTAIN 
ABC Mouse IgG Kit, Vector Laboratories). 
At the end of the incubation step, the tis-
sue was rinsed for five minutes in PBS and 
was placed in the prepared ABC solution 
for two hours on the rotator. The stain-
ing solution was prepared by adding three 
drops of the chromagen solution (VEC-
TOR SG Chromagen Peroxidase Substrate 
Kit, Vector Laboratories) to every 5 mLs 
of PBS. The tissue was then placed in the 
chromagen solution for five to ten min-
utes, until the labeling was visible and 
reached the appropriate darkness. Before 
coverslipping with Permount, the vibra-
tome p8 tissue was cleared in 95% ethanol 
for five minutes twice, and then twice in 
100% ethanol.  The cryostat embryonic 
tissue used a ladder method, clearing for 
four minutes in 30% Ethanol, four min-
utes in 50% Ethanol, four minutes in 70% 
Ethanol, four minutes in 95% Ethanol, and 
then four minutes in 100% Ethanol. The 
coverslipped slides were set aside to dry for 
a minimum of a day before imaging. 
Microscopy & Imaging
Images were taken of the stained tissue at 
4x and 20x (See Figures 3-5) using a Nikon 
Eclipse E800 and SPOT software (Model 
7.2, Diagnostic Instruments). Scale bars 
were added to the images by photograph-
ing a ruler at the appropriate magnifica-
tion, and then superimposing the length 
onto the images using Adobe Photoshop. 
Nuclei were outlined and labeled using the 
drawing feature of Microsoft Word. 
Results
Images of the avian auditory brainstem 
nuclei are outlined for embryonic day 12 
(Figure 3), embryonic day 16 (Figure 4), 
and embryonic day 19 (Figure 5). Intense 
somatic staining of glycine receptors 
(chromagen) in NL and NM is present 
(Figure 3), but declines markedly with de-
velopmental age in E16 (Figure 4) and E19 
(Figure 5) tissue. The SON was not visible 
in all tissue sectioned, therefore a com-
parison between ages for these nuclei was 
not yet possible. The NA was undetectable 
in any of the tissue, potentially due to poor 
quality tissue sections. For each embryonic 
age, NM and NL showed consistency in 
stain strength, but differed across ages. 
The auditory E12 tissue is shown at 4x 
zoom to illustrate all of the nuclei (Figure 
3i). A scale bar is shown on each image. 
All nuclei appear to be stained a similar 
strength per age, and showed fairly even 
distribution on the cell somas. In some tis-
sue, a lighter void was visible in the middle 
of the cells, presumed to be the nucleus 
(Figures 4ii, 4iii, 5ii and 5iii). Magnifica-
tion at 20x shows chromagen-stained 
glycine receptors in the SON, NM, and NL 
(iv) (Figure 3ii-iv). Fainter labelinging is 
seen in NL and NM of E16 tissue at a 4x 
view (Figure 4i). NL and NM in the E16 
chick shows more definably stained cell 
somas than in the E12 tissue at 20x, po-
tentially due to smaller cells (Figure 4ii-iii, 
Figure 3). A 4x view of the E19 auditory 
nuclei shows very light staining on the cell 
somas within the nuclei (Figure 5i). The 
E19 tissue shows the least prominent stain-
ing in NM and NL at 20x magnification 
(Figure 5ii-iii). Of our slides, only the E12 
tissue showed a clearly stained SON. The 
SON was not locatable in the E16 or E19 
tissue.
 Post-hatch day 8 (p8) tissue is also 
shown (Figure 6). This tissue was obtained 
using the vibratome (50μm sections) as 
opposed to the cryostat (25μm sections), 
and thus cannot be used for staining com-
parisons to the embryonic tissue. NM, NL 
and NA are all visible and stained (Figure 
6A). The staining is darkest in the cells 
of NM, but is also visible in portions of 
NA and along the midline of NL. Only a 
few cells near the periphery of NA seem 
to be heavily stained, while others within 
the nucleus are stained less prominently. 
The SON (Figure 6B) also contains darkly 
stained cells, which appear smaller than 
the cells of the other nuclei. Panel C shows 
a close-up of NM cell staining (Figure 6C). 
The staining appears the same strength 
throughout each stained cell, except for a 
circular void in the center presumed to be 
each cell’s nucleus.
 Figure 7 was produced recently by our 
lab.21 This figure shows glycine receptor la-
beling (green) using anti-glycine receptor 
primary antibody and cell nuclei detection 
(red) using Nissl stain in a post-hatch day 
7 (p7) chick. The SON is outlined in panel 
B, showing intense staining within this 
nucleus. Panel C shows the Nissl nuclei 
labeling alone, in the absence of glycine 
receptor primary antibody.
Discussion 
Our data potentially indicates a gradual 
decrease in glycine receptor expression 
throughout development in NM and NL, 
opposite to the shift observed in mam-
mals.22 This decrease in glycinergic ex-
pression was first detected by Code and 
Rubel,23 and our findings serve to support 
their claim. Of the visible nuclei, this 
decline in receptor expression is most ap-
parent in NL and NM (Figures 3, 4 & 5). 
Contrary to previous findings stating that 
Our data potentially indicates a gradual 
decrease in glycine receptor expression 
throughout development in NM and NL, 
opposite to the shift observed in mammals. 
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Figure 7. Cells within the SON stained for gly-
cine receptors (green) using the glycine recep-
tor antibody (a). An image of the entire SON 
(outlined in white) containing stained glycine 
receptors in green (b). Nissl stain was used to 
detect cell nuclei in the absence of primary 
-antibody (red) as the control. (Scale bars: 
A=50 μm; B=200 μm; C=50 μm) (Coleman, et 
al., 2011)
Figure 6. An image of NM, NL and NA in a 
post-hatch day 8 (p8) chick (a). Of these nuclei, 
dark staining is most prominent in NM, but 
is also seen along the midline of NL and the 
outer portions of NA to a lesser extent. Smaller, 
darkly stained cells are observable within the 
SON (b). Glycine receptor staining appears 
widespread throughout the cells of NM (c). Cell 
nuclei likely appear as a void in the cellular 
stain (50μm section using vibratome).
a
b c
NM
NA
NL
NM
SON
expression of glycine receptors in NL is 
sparser,24 we found more prominent label-
ing in NL than expected for the embryonic 
tissue (Figures 3, 4 & 5). The staining of 
NL was about equal to that of NM at each 
embryonic age. The SON was only vis-
ible in our E12 and p8 tissue, but stained 
similarly to the other nuclei. We have been 
yet unable to determine a pattern for NA 
and SON tissue, as these structures were 
not represented across the different ages.  
Additional tissue needs to be collected 
in order to obtain a larger n-value for the 
observed effects in glycine receptor ex-
pression. These data will allow us to draw 
more definitive conclusions regarding the 
overall developmental shift of glycinergic 
signaling within the chick circuit. 
 Most auditory structure and function 
is mature by E19, therefore we expect to 
see similar faint labeling in the post-hatch 
tissue as shown by our E19 tissue (Fig-
ure 5). Conversely, fluorescently-labeled 
post-hatch chick tissue (p7) from our lab 
showed prominent glycinergic labeling in 
the SON (Figure 7),25 as well as post-hatch 
tissue stained with chromagen (Figure 6). 
The density of SON staining shown in this 
fluorescent image is similar to that of the 
SON tissue observed using the chromagen 
stain for glycine receptors. Dark SON la-
beling is observed even in the embryonic 
day twelve tissue (Figure 3). Therefore, it 
is possible that this down-regulation does 
not occur in the cells of the SON. How-
ever, as the SON is not visible in our em-
bryonic tissue, we have not yet been able 
to compare the developmental expression 
pattern of glycine receptors in the SON.
Functional Significance of GlyR develop-
ment
 Down-regulation of fast-acting, glycine 
transmission may reflect the lack of need 
for fast-acting inhibition in the various 
nuclei, and thus a “weeding out” of recep-
tors might occur throughout maturation. 
Glycine receptor expression may be stabi-
lized or up-regulated throughout develop-
ment in the SON of the chick in order for 
the contralateral SON to provide quick 
inhibition to the opposite circuit. This 
may allow for compensation for the long 
distance between the two SONs. The pres-
ence of glycine receptors within NM and 
NL may regions in immediate projections 
from the SON,26 or possibly other nuclei 
within the circuit, are required to integrate 
a response. 
 The glycine receptors in the auditory 
nuclei were present in our tissue on the 
cell somas of the nuclei as previously de-
termined, and were also less abundant in 
the post-hatch brains than the embryonic 
tissue.27 Additionally, based on the fluo-
rescent image (Figure 7) it appears there 
also may be slight staining on the cell pro-
jections, as green fluorescent puncta are 
observed within the auditory nuclei, indi-
cating the presence of receptors. If these 
puncta are not simply background, this 
may indicate the need for some glycinergic 
signaling on the dendrites to reduce the 
input of an excitatory signal. 
 One possible explanation for the ob-
served down-regulation is that the recep-
tors become internalized throughout de-
velopment in order to regulate glycinergic 
activity. It seems as the tissue ages, circular 
voids within the cells become more promi-
nent, suggesting a decrease in density of 
receptors on the cell surfaces. These voids 
are presumed to be the cell nuclei and are 
visible in NM of the post-hatch chick (Fig-
ure 6c, Figure 7a). Cell nuclei seem to be 
less prominent in the younger, embryonic 
tissue but seem to become more visible 
with developmental age (Figures 3, 4 & 5). 
If the receptors were coating the outside of 
the cells, their nuclei should not be clearly 
visible as they appear in the older tissue. 
Higher magnification of these cells via 
electron microscopy may help determine 
whether the glycine receptors become in-
ternalized during aging. If internalization 
of receptors is occurring, further research 
may be needed to uncover which proteins 
trigger the decrease in receptor density 
throughout development. 
 We are still working to improve our 
methods for optimal visualization of 
glycine receptor expression in the audi-
tory nuclei of the brainstem throughout 
development. This will allow for further 
comparison of pre- and post-hearing onset 
glycine receptor expression within the nu-
clei. Once gathered, these data will provide 
additional support in determining the de-
velopmental pattern of glycinergic signal-
ing in the avian auditory nuclei. 
 Future experiments will be not only to 
continue our current methods but also to 
identify the source of the glycinergic sig-
naling in the system. Glycinergic signaling 
seemed prominent within the SON in both 
the E12 and p8 tissue, possibly due to great 
innervation by the contralateral SON (Fig-
ures 3 and 6). There is always the possibili-
ty, however, that inhibition originates from 
other sources. For example, developmental 
cues from other parts of the brain could be 
using glycinergic signaling to establish the 
map of the brain quickly in order for the 
chicken to have a functional auditory sys-
tem by the time it hatches. Evolutionarily, 
it would be favorable to have the system 
developed prenatally in order for better 
survival. Retrograde tracing is one method 
that could be implemented to discover the 
source of the signaling, in both embry-
onic and post-hatch chicks. A comparison 
between neurotransmitter staining and 
receptor staining patterns may also yield 
insight on the role of glycine in this au-
ditory circuit. The source of glycinergic 
signaling may reveal more about the con-
nections of the nuclei in this circuit, along 
with the function of such inhibition. This 
information will serve to broaden our 
understanding of the sound localization 
circuitry in the avian system. 
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